Immunoglobulins (Igs) are known to be synthesized and secreted only by B lymphocytes. Class switch recombination (CSR) is a key event that enables B cells to express Igs, and one of the crucial steps for CSR initiation is the germline transcription of Ig genes. Surprisingly, recent studies have demonstrated that the Ig genes are also expressed in some epithelial cancer cells; however, the mechanisms underlying how cancer cells initiate CSR and express Igs are still unknown. In this study, we confirmed that the Ig Ia1 promoter in cancer cell lines was activated by the Ets-1 transcription factor, and the activity of the Ig Ia1 promoter and Ig Ia1-Ca1 germline transcription were attenuated after knockdown of Ets-1 by specific small interfering RNAs (siRNA). Furthermore, the expression of Ets-1 and Iga heavy chain in cancer cells was dose dependently upregulated by TGF-b1. These results indicate that activation of the Ig Ia1 promoter by the transcription factor Ets-1 is a critical pathway and provides a novel mechanism for Ig expression in non-B cell cancers.
INTRODUCTION
Immunoglobulins (Igs) are generally believed to be produced only by B lymphocytes. Each Ig molecule consists of two identical heavy chains and two identical light chains. Five classes of heavy chain include a, c, d, e and m, representing five Ig isotypes IgA, IgG, IgD, IgE and IgM, respectively. For the light chain, only two classes, k and l, have been discovered. When stimulated by foreign antigens and affected by various regulators, the Ig genes undergo V(D)J recombination and class switch recombination (CSR), and only then can Igs be expressed in B lymphocytes.
Interestingly, recent studies have confirmed that Igs are abnormally synthesized by non-lymphoid cells, 1,2 such as epithelial cancer cells and normal cells. In 1991, Cao et al. 3 cloned a transforming gene, referred to as Tx (GenBank accession number: AF279037), from the gDNA library of the nasopharyngeal carcinoma cell line CNE2. The Tx gene was then determined to be an aberrant human Igk gene that lacked variable regions. 4 Later, in 1998, using highly sensitive RT-nested PCR, Kimoto 5 demonstrated the expression of Ig transcripts in five cancer cell lines, which indicated that Igs were expressed in these cancer cells. Additionally, other research groups have subsequently reported Ig expression in non-lymphoid cells, [6] [7] [8] [9] [10] [11] [12] [13] especially in epithelial cancer cells. Although the expression of Ig molecules in cancer cells has been confirmed, evidence regarding the biological function of cancerous Ig has not been well documented. The blockade of cancerous IgG can increase programmed cell death and inhibit the growth of cancer cells in vitro. 6 Our previous work demonstrated that the Iga heavy chain could increase the percentage of cancer cells in S phase. 14 We also showed that Igs produced by cancer cells could specifically reduce antibody-dependent cell-mediated cytotoxicity (ADCC). 15 These findings support a positive role for cancergenerated Igs in cancer cell proliferation, and reveal a distinct mechanism for the immune evasion of cancer cells.
Integrated Ig molecules can be expressed and exercise their functions only after V(D)J recombination 16 and class switch recombination. 17 V(D)J recombination assembles the mature V region of the Ig molecule, and CSR connects the distinct C region to the V region, thus forming an integrated Ig molecule. The mechanism of V(D)J recombination in cancer cells has been reported by our group and others. 18, 19 The recombination activating gene (RAG), encoding the recombinases RAG1 and RAG2, which are essential enzymes for initiating V(D)J recombination, is also expressed in cancer cells. 18 The abnormal expression of RAG proteins in cancer was shown to be regulated by the E2A, FOXO1 and FOXP1 transcription factors and was similar to that observed in B lymphocytes. 20 However, the mechanism of CSR in cancer cells has not been elucidated. The process of CSR requires germline (GL) transcription of unrearranged C region genes and is initiated by activation-induced cytidine deaminase (AID), a B cell-specific factor. When GL transcription begins, a short region of ssDNA, which can be targeted by AID at the transcription bubble, will be generated. 21, 22 Additionally, GL transcription makes the DNA structure more accessible to AID by altering histone modifications in the transcribed region. 23 When AID targets the ssDNA of the S region (upstream from the C region), U:G mismatches will be produced in the Ig genes, forming double-strand breaks (DSBs). 24, 25 Then, two DSBs in different S regions will recombine by performing non-homologous end-joining (NHEJ) to complete CSR. 26 Overall, the GL transcript Ig Ia-Ca is a key regulator of Iga heavy chain class switch recombination, which is crucial for the expression of IgA.
Two subclasses of IgA are found in humans and include the heavy chains of IgA1 and IgA2 that are encoded by the two distinct Ca1 and Ca2 genes, respectively. Our previous studies have confirmed the expression of the Ig Ia1-Ca1 transcript in several cancer cell lines. 18 Studies showed that TGF-b1 can regulate Ig Ia1-Ca1 GL transcription through the Smad signaling pathway in B cells. 27 Moreover, the transcriptional process of the Ig Ia1-Ca1 transcript is mainly regulated by cis-acting elements and their corresponding trans-acting factors. In this study, we focus on the cis-acting elements of the Ig Ia1 promoter that is located upstream of the Ca1 exon. We first determined whether the Ig Ia1 promoter is activated in cancers, and the results showed that the Ig Ia1 promoter was highly activated in nasopharyngeal carcinoma cells. Through bioinformatic analysis, we found several binding sites for various transcription factors, including NF-kB and PU.1, in the Ig Ia1 promoter. Further studies confirmed that the ETS family member, Ets-1, could bind to the PU.1 motif and then transactivate the Ig Ia1 promoter. These results indicate that Ets-1 activates the expression of the Ig Ia1-Ca1 GL transcript, which is critical for class switch recombination.
MATERIALS AND METHODS
Cell lines and cell culture Two epithelial cancer cell lines were cultured to study Iga expression. CNE1 cells are a nasopharyngeal carcinoma cell line, and HeLa (ATCC number: CCL-2) cells are a cervical cancer cell line. Our previous studies have demonstrated that CNE1 and HeLa cells can produce and secrete Igs spontaneously. 18, 28 The Burkitt's lymphoma cell line Raji (ATCC number: CCL-86) was used as a positive control for expression of the Iga heavy chain. All the cell lines were cultured in complete growth medium according to ATCC protocols, and logarithmically growing cells were used in all experiments.
Plasmid constructs A 674-bp fragment containing the human Ig Ia1 promoter upstream from the TTS site was acquired by PCR amplification of genomic DNA from HeLa cells with the following primers: sense, 59-cgagctcgtggtgacccacagtaggagt-39; antisense, 59-cccaagcttgggtgatggccgtctgtccttag-39. The fragment was inserted upstream of the luciferase gene of the pGL3-Basic vector (Promega, Madison, WI, USA) and the plasmid was named pIa. The PCR products were confirmed by restriction enzyme digestion and DNA sequencing. To verify the key cis-acting element for Ig Ia1 promoter activation, we first used continuous deletion variation to construct four reporter plasmids: pIaD1, pIaD2, pIaD3 and pIaD4 (Figure 1a) , and we checked the mutational sites and the integrity of the sequence by DNA sequencing. The internal control plasmid pRL-TK was purchased from Promega.
RNA interference
A specific, anti-Ets-1 small interfering RNA (Ets-1 siRNA) and scrambled oligonucleotide (control siRNA) were both purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). CNE1 or HeLa cells were cultured in 24-well plates and transfected with Ets-1 siRNA (40 pmol/well) or control siRNA (40 pmol/well) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Cells were also grown in six-well plates and the molar masses of the siRNAs were matched to 100 pmol for each well. Proteins from cells transfected with Ets-1 siRNA or control siRNA were harvested for immunoblotting to confirm Ets-1 knockdown.
Dual-luciferase reporter assays
The dual-luciferase reporter assays were performed as previously described. 29 Cells were transfected with 1 mg/well of pIa firefly luciferase reporter plasmids or the control pGL3-Basic vector (Promega) using Lipofectamine 2000, and the renilla luciferase vector pRL-TK (10 ng/well) was cotransfected to correct for variations in transfection efficiency. Cells were harvested at 24 h after transfection and lysates were analyzed for firefly and renilla luciferase activity using the DualLuciferase Reporter Assay Kit (Promega) with a GloMax 20/ 20 luminometer (Promega). The final results are represented as the fold luciferase induction compared to that of the pGL3-Basic vector. The data from dual-luciferase reporter assays were calculated using statistical software (SPSS 16.0), and a value of P,0.05 or P,0.01 was considered to be statistically significant.
Reverse transcription and polymerase chain reaction CNE1 and HeLa cells were treated or not treated with Ets-1 siRNA or control siRNA for 72 h. Total RNA was isolated as Ets-1 transactivates Ig Ia1 promoter in cancer cells Z Duan et al described, 29 and cDNAs were synthesized using SuperScript II (Invitrogen). The primers for human Ig Ia1-Ca1 30 were 59-cagcagccctcttggcaggcagccag-39 (sense) and 59-gggtggcggttagcggggtcttgg-39 (antisense) and yielded a 1194-bp product. The primers for Ets-1 were 59-acccagcctatccagaatcc-39 (sense) and 59-tctgcaaggtgtctgtctgg-39 (antisense) and yielded a 225-bp product. The products of PCR were detected in 2% agarose gels and stained with SYBR Safe (Invitrogen).
Western blot analysis
Cells in logarithmic-growth phase were washed three times with ice-cold phosphate-buffered saline (PBS), disrupted on ice with IP lysis buffer (Pierce, Rockford, IL, USA) containing a protease inhibitor cocktail tablet (Roche, Basel, Switzerland) for 30 min. Then, after harvesting by scraping, the lysate was centrifuged at 15 000g for 15 min. Western blot analysis was performed as described. 29 The following antibodies were used: rabbit anti-human IgA (A0262; DAKO, Glostrup, Denmark), rabbit anti-Ets-1 (sc-350; Santa Cruz Biotechnology) and mouse anti-b-actin (sc-8432; Santa Cruz Biotechnology).
Electrophoretic mobility shift assays (EMSA) EMSA analysis and nuclear extracts were collected as described previously. 29 The reaction mixtures (20 ml) containing 8 mg of nuclear extract were incubated for 20 min at room temperature with 20 fmol of the biotin-labeled double-stranded oligonucleotide probes in reaction buffer (Pierce). For competition experiments, a 400-to 800-fold excess of unlabeled, wildtype or mutant probe was included in the reaction system. For supershift-EMSA assays, the reaction mixtures were pre-incubated at room temperature for 1 h with 2 mg of anti-Ets-1 rabbit IgG (sc-350X; Santa Cruz Biotechnology) or normal rabbit IgG. The wild-type Ets probe sequence was 59-G-CTGGGGCAGGAAGTGGGCGAGT-39 and 59-ACTCGCCC-ACTTCCTGCCCCAGC-39 and was derived from the binding site of Ets-1 in the human Ig Ia1 promoter. The mutated Ets probe sequence was 59-GCTGGGGCGAGAAGTGGGCGAGT -39 and 59-ACTCGCCCACTTCTCGCCCCAGC-39.
Chromatin immunoprecipitation assay
Cells were cultured overnight and fixed in 1% formaldehyde, after which the reaction was stopped with glycine. Nuclear protein-DNA complexes were harvested from cells disrupted by SDS lysis buffer with protease inhibitors and processed by sonication to produce DNA fragments with an average length of 100-500 bp. After pre-clearing with proteinG agarose/salmon sperm DNA for 1 h at 4 uC, 20% of each sample was saved as 'input DNA' for later PCR analysis. Immunoprecipitation was performed with 2 mg of anti-Ets-1 rabbit IgG (sc-350X; Santa Cruz Biotechnology) or normal rabbit IgG. After reversal of crosslinking, PCR amplification assays were used to detect the target DNA using the primers 59-cagaccacaggccagacat-39 and 59-ccgtctgtccttagcagagc-39 (Ig Ia1 promoter including the PU-binding region; 187 bp).
RESULTS
The Ig Ia1 promoter is activated in nasopharyngeal carcinoma cells To investigate whether the Ig Ia1 promoter could be activated in cancer cells, we first cloned the Ig Ia1 promoter and inserted it into the pGL3-Basic vector to construct a reporter plasmid, Ets-1 transactivates Ig Ia1 promoter in cancer cells Z Duan et al which was referred to as pIa ( Figure 1a ). We chose a nasopharyngeal carcinoma cell line (CNE1) as our model. When transfected into CNE1 cells, the pIa plasmid showed a high luciferase activity compared to the pGL3-Basic vector (P,0.01) (Figure 1b) . This finding indicated that the Ig Ia1 promoter was highly activated in nasopharyngeal carcinoma cells. To further confirm the presence of a cis-acting element in the Ig Ia1 promoter, we constructed continuous deletion mutations to create four reporter plasmids, referred to as pIaD1, pIaD2, pIaD3 or pIaD4 (Figure 1a) .
The Ets-1 binding site plays a key role in the activation of the Ig Ia1 promoter Using two bioinformatic software programs, 'Genomatix' and 'TFSEARCH', we discovered a PU.1 binding site in the Ig Ia1 promoter that was included in the pIaD4 plasmid. PU.1 is an ETS family transcription factor that plays an important role in hematopoietic cell differentiation, proliferation and apoptosis. 31 Because PU.1 is not expressed in epithelial cancer cells, we examined another member of the ETS family, Ets-1, which is expressed in Raji and epithelial cancer cells (Figure 2a) . We hypothesized that Ets-1 could bind to the PU.1 motif because they share a highly homologous binding site. To confirm this idea, we constructed two luciferase reporter vectors containing the Ig Ia1 promoter with a mutation in the PU.1/Ets-1 binding site, and the mutation did not yield new binding sites for other transcription factors. The first mutant vector contained a mutation that changed CAGGA to CGAGA, and the second mutant vector contained a mutation that changed CAGGA to CAGTC (Figure 2b ). Because our previous data showed that IgA was expressed at high levels in CNE1 and HeLa cells, we conducted dual luciferase reporter assays in the two cell lines. Significant downregulation of Ig Ia1 promoter activity was observed in CNE1 and HeLa cells after the mutation in the PU.1/Ets-1 binding site (P,0.01 or P,0.05; Figure 2c and d). These results indicated that the Ets-1 transcription factor might play an important role in Ig Ia1 promoter activation in epithelial cancer cells.
The Ets-1 transcription factor binds to the Ig Ia1 promoter in vitro Transcription factors exhibit their biologic functions by binding to a cis-acting element and trans-activating target genes. 
Ets-1 transactivates Ig Ia1 promoter in cancer cells Z Duan et al
We therefore performed EMSA assays to determine whether Ets-1 could bind to the Ig Ia1 promoter. Two different shifted bands could be detected when EMSA assays were performed with nuclear extracts from Raji cells (i.e., positive control cells; Figure 3a , lane 2). However, the shifted binding complexes could be inhibited completely by a 400-to 800-fold excess of unlabeled, wild-type Ets probe (Figure 3a,  lanes 3-5) . The specificity of the formation of complexes was supported by the results of the nonspecific competition assay (Figure 3a, lane 6) . Of the two complexes, complex I was not detected, but complex II remained when the EMSA assay was performed using a biotin-labeled, mutant-type Ets oligonucleotide (Figure 3a , lane 8), indicating that complex I was specifically formed by the Ets-related protein. Using nuclear extracts from CNE1 or HeLa cells, the results demonstrated that an Ets family member bound to the Ig Ia1 promoter in vitro (Figure 3b and c). To further confirm that the Ets family member was Ets-1, we pre-incubated the nuclear lysate with a specific Ets-1 antibody, which led to decreased formation of only complex I (Figure 3d , lanes 3, 7 and 11). However, the binding ability was not affected by the addition of a normal rabbit IgG (Figure 3d, lanes 4, 8 and  12 ). These results suggested that the transcription factor Ets-1 is capable of binding to the Ets site that is found in the Ig Ia1 promoter.
The Ets-1 transcription factor can bind to the Ig Ia1 promoter in cells To verify the binding ability of Ets-1 to the Ig Ia1 promoter in human cancer cells, chromatin from the positive-control Raji, CNE1 and HeLa epithelial cancer cells were used to perform a chromatin immunoprecipitation assay. The short chromatin was subjected to an immunoprecipitation reaction with a specific Ets-1 antibody or normal rabbit IgG, and the precipitated DNA/protein/ antibody complex was reverse-crosslinked and amplified by PCR using primers specific for the Ets binding site of the Ig Ia1 promoter. As shown in Figure 3e , immunoprecipitation with an antibody specific for Ets-1 pulled down the Ig Ia1 promoter region, but normal rabbit IgG had no effect on any of the samples. Therefore, the above data indicate that Ets-1 exhibits its regulatory function by directly binding to the human Ig Ia1 promoter in cells.
RNA interference against Ets-1 downregulates the activity of the Ig Ia1 promoter To further study the regulatory function of Ets-1 in the activation of the Ig Ia1 promoter, specific siRNA sequences
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targeting Ets-1 were transfected into CNE1 and HeLa cells along with the pIa and pRL-TK plasmids, and a nonspecific siRNA was used as a negative control. At 24 h after transfection, cells were collected for dual luciferase reporter assays. Transfection with the siRNA sequence targeting Ets-1 decreased the activity of the Ig Ia1 promoter in CNE1 and HeLa cells compared to the control siRNA (P,0.01; Figure 4a and b), suggesting that silencing the Ets-1 gene downregulates the activation of the human Ig Ia1 promoter in epithelial cancer cells.
Knockdown of Ets-1 decreases the Ig Ia1-Ca1 GL transcript and Iga expression Activation of the Ig Ia1 promoter is critical for Ig Ia1-Ca1 GL transcript expression. We further determined whether knockdown of endogenous Ets-1 could affect Ig Ia1-Ca1 GL transcript and Iga heavy chain expression. At 72 h after transfection with a specific Ets-1 or control siRNA, total RNA and total protein were extracted from CNE1 and HeLa cells. RT-PCR results showed that the Ig Ia1-Ca1 GL transcript level declined after knockdown of Ets-1 (Figure 4c ). Moreover, western blot assay results showed that Iga heavy chain expression was reduced after knockdown of Ets-1 compared to the control (Figure 4d ). These results suggest that knockdown of endogenous Ets-1 influenced the expression of the Ig Ia1-Ca1 GL transcript and Iga expression.
TGF-b1 increases Iga expression by upregulating Ets-1 in epithelial cancer cells
In B lymphocytes, Iga class switch recombination is induced by the TGF-b1 signaling pathway. We found that TGF-b1 could be synthesized by Raji, CNE1 and HeLa cells ( Figure 5C ). To explore whether TGF-b1 can affect Iga expression in cancer cells, we first performed dual-luciferase reporter assays to evaluate the effect of TGF-b1 on Ig Ia1 promoter activity.
The results showed that Ig Ia1 promoter activity was increased when CNE1 and HeLa cells were treated with TGF-b1 (100-21; Peprotech, Rocky Hill, NJ, USA) (P,0.01; Figure 5a and b). Accordingly, Iga expression was also upregulated by TGF-b1 in CNE1 cells (Figure 5d ). Furthermore, we found that TGF-b1 could upregulate Iga expression by increasing the level of Ets-1 in a dose-dependent manner (Figure 5e ). These data provide evidence that TGF-b1 plays a role in Ig Ia1 promoter activation in cancer cells. R a ji U n t r e a t e d U n t r e a t e d C o n t r o l C o n t r o l S i-E t s -1 S i-E t s -1 U n t r e a t e d U n t r e a t e d C o n t r o l C o n t r o l S i-E t s -1 S i-E t s -1 pla+control siRNA pla+Ets-1 siRNA pGL3-Basic pla+control siRNA pla+Ets-1 siRNA Recent research focusing on transcription factors has become a hot topic in tumor development and progression, and ETS factors represent one of the largest families of transcriptional regulators that exhibit oncogenic and suppressive activity. Some Ets genes are often expressed abnormally in human cancers, and transcription factors of the ETS family, especially Ets-1, have been reported to be associated with tumor progression, including invasion and metastasis, through their transactivation of oncogenes. Therefore, these factors are potential molecular targets for selective cancer therapies. 32 The B cell-specific expression of Ig genes is controlled by an orchestrated action of variable (V) region promoters and intronic or 39 enhancers, all of which are active in a lymphoid-specific manner. Research findings showed that octamer-related proteins (Oct-1 or Oct-2) and PU.1 (a member of the Ets family) could bind to the Igk V19 promoter region. In transfection experiments with non-B cells, PU.1 was demonstrated to be able to activate this promoter in concert with Oct-2, which suggests an important role for PU.1 or other members of the Ets family in the activation of the Ig promoter. 33 Another study indicated that the Ig VH4-59 promoter was highly activated in several non-B-cell cancer lines. Furthermore, the octamer element located in the Ig VH4-59 promoter played an important role in Ig gene activation in non-B cells, and research confirmed that Oct-1 could bind to the octamer element of the Ig VH4-59 promoter and activate Ig gene transcription in epithelial cancer cells. These results reveal a distinct mechanism for Ig gene expression in non-B cancer cells. In B lymphocytes, TGF-b signal regulates Ig Ia-Ca GL transcription mainly through the Smad pathway. However, in cancer cells, TGF-b is also known to perform an essential role in cancer progression and metastasis by regulating non-Smad pathways, such as Ras/ERK, PI3-K/Akt and MAPK signaling. 35 TGF-b ligands bind to the TGF-b receptor, leading to the phosphorylation of Smad proteins, which recruit cofactors such as AP-1 and Ets to target DNA binding elements and then activate gene transcription. 36 We previously found that expression of the Igk light chain in nasopharyngeal carcinoma cells could be upregulated by the EBV-encoded, latent membrane protein 1 (LMP1) through the NF-kB and AP-1 signaling pathways. Detection of intracellular Igk by western blot and flow cytometry analysis indicated that Igk expression could be suppressed by LMP1-targeted DNAzyme and inhibitors of JNKs and NF-kB, 37 and further studies suggested that LMP1 promotes the interactions between NF-kB and AP-1 with the human iEk enhancer, which is crucial for the upregulation of the Igk light chain in LMP1-positive nasopharyngeal carcinoma cells. 38 Furthermore, our previous study provided some evidence showing that the virusencoded protein LMP1 activated the Igk 39 enhancer by activating Ets-1 through the ERKs signaling pathway in non-B epithelial cancer cells. From our results, we inferred that LMP1 could also regulate the activity of the Ig Ia1 promoter by activating Ets-1. This evidence suggests a possible mechanism by which virus-encoded oncoproteins regulate Ig expression through signal transduction pathways in human cancers.
